Neonatal immune development begins in pregnancy and continues into lactation and may be affected by maternal diet. We investigated the possibility that maternal protein deficiency (PD) during a chronic gastrointestinal (GI) nematode infection could impair neonatal immune development. Beginning on d 14 of pregnancy, mice were fed protein-sufficient (PS; 24%) or protein-deficient (PD; 6%) isoenergetic diets and were infected weekly with either 0 (sham) or 100 Heligmosomoides bakeri larvae. Pups were killed on d 2, 7, 14, and d 21 and dams on d 20 of lactation. Lymphoid organs were weighed.
Introduction
Immune system ontogeny begins early in development (1) . In mice, thymus organogenesis commences on embryonic d 10.5 (2) and spleen development begins just before embryonic d 11.5 (3) . Progenitor T cells first begin to migrate to the thymus from the early sites of hematopoiesis around d 11 (4) and development of thymic gd and ab T cells and B cells in fetal liver and bone marrow occurs during the last quarter of gestation (1, 5) . The first set of mature CD4-or CD8-expressing T cells appears 1-2 d before birth in mice (6) ; thus, mice are born with a small number of mature lymphocytes where expansion of the peripheral lymphocyte pool occurs mainly postnatally (7) . These T cells, despite their low frequency, can be primed to produce cytokines such as IFNg (7), IL-2, and IL-4 (8) . However, cytokine production in neonates is generally low and may in part be compensated by cytokines from breast milk (9) .
Although there is evidence that protein deficiency (PD) 5 affects adult immune function (10, 11) , little is known about the impact of maternal dietary PD or infection on neonatal immune development. In weaned and adult mice and in humans, PD inhibits host immunity by reducing homing of mucosal lymphocytes to the gut (12) , reducing cytokine production by both Th1 (13) and Th2 cells (10) , and lowering numbers of memory cells (14) , eosinophils, and IgG1 concentrations (15) . In addition, short-term protein malnutrition (4-7 d) has been shown to increase T cells and the T:B cell ratio in spleen and B cells in PeyerÕs patches but to reduce B cells in spleen and IgA in small intestine in adult mice (11) . PD also prolongs survival of the gastrointestinal (GI) nematode Heligmosomoides bakeri (10), increases its fecundity (16) , and may increase host susceptibility to incoming larva (15) . In weanling mice, PD lowers the mass of the spleen (10) and results in cessation of growth of lymphoid tissues and a reduction in cell numbers associated with corticosteroidinduced lympholysis (17) . There is also evidence for in utero sensitization to Ascaris lumbricoides in newborns of mothers with ascariasis (18) . The offspring of nematode-infected pregnant rats and mice are immunologically less responsive to parasite antigens and are more susceptible to infection or have reduced survival than the offspring of uninfected dams (19) (20) (21) . However, protection has been reported in some offspring of H. bakeri-infected dams upon reinfection with the same parasite at d 35 postpartum (PP) (22) .
These observations in pregnant mice and their neonates support the hypothesis that pre-and postnatal exposure to maternal PD or nematode infection may influence the development of the neonatal immune system. However, the impact of dietary PD and nematode infection during pregnancy and lactation on neonatal immune development is unknown. Given that PD often coexists with GI nematode infections (23), the specific objectives were to determine in mice whether: 1) PD during late pregnancy and lactation would impair maternal immune responses to trickle infection with H. bakeri [previously named Heligmosomoides polygyrus (24)]; and 2) whether maternal PD in these H. bakeri-infected dams would alter the development of the neonatal immune system by reducing lymphoid mass, neonatal B and T cell counts, percentages of lymphocyte subpopulations, and cytokine production. Previously, we showed that elevated corticosterone and upregulation of proinflammatory cytokines, including leptin, IL-1b, and IL-6, in PD infected dams leads to lower insulin-like growth factor (IGF-1), disrupted bone development, and growth retardation in offspring (25) . In this study, we explored how these and other selected cytokines might affect the developing neonatal immune system.
Materials and Methods
Mice and diets. As previously reported (25) , 8-to 9-wk-old female primiparous, pregnant, outbred CD1 mice received on d 13 of pregnancy (Charles River, Canada) were housed individually in Nalgene cages (Fisher Scientific) with stainless steel covers in a temperature controlled mouse room (22-25°C) with a 14-:10-h-light:dark cycle. These pregnant mice were acclimatized by feeding commercial, pelleted, nonpurified diet (22/5 Rodent diet 8640, Harlan Teklad) for 1 d before being randomly assigned to 1 of 4 experimental groups (n = 12 pregnant dams/ experimental group): 1) protein deficient (PD; 6% protein TD.90016), nematode infected; 2) PD, no infection (sham treatment); 3) protein sufficient (PS; 24% protein, TD.90017), nematode infected; and 4) PS, no infection (sham treatment). Food and water were provided ad libitum from d 14 of pregnancy to d 20 of lactation.
Experimental infection protocols. On pregnancy d 14 and d 2, 9, and 16 PP, PS and PD dams were either trickle infected with H. bakeri [4 3 100 6 3 infective third-stage larvae (L 3 )] suspended in 100 mL water or given 4 sham infections (4 3 0 L 3 ) in water. H. bakeri is a trichostrongyloid intestinal parasite of murine rodents. It has a direct lifecycle involving both free-living (L 1 , L 2 , and L 3 ) and parasitic stages (L 4 and adult) and is routinely used in immunological studies as an experimental model for human hookworm infection and nematode infections of veterinary importance (26) . L 3 obtained by fecal culture of stock parasites maintained in outbred CD1 mice (Charles River) were counted in 10 sham doses for accuracy before infecting the mice. Day of parturition was considered as d 0 PP.
At necropsy, dams and pups were i.p. anesthetized using ketamine/ xylazine (100/10 mg/kg body weight) and then exsanguinated by cardiac puncture. Maternal necropsies were carried out on d 20 PP and sera was collected and frozen at 220°C for analyses of cytokines, chemokines, and hormones as previously reported (25) .
None of the pups from the 48 litters was subjected to direct diet or infection treatments. One pup randomly selected from each of the 48 litters was necropsied on each of d 2, 7, 14, and 21. Milk recovered from the stomachs of suckled pups and pup serum were collected, processed, and stored for later analysis of hormones, cytokines, and chemokines as previously described (25) . Thymus and spleens of pups were isolated, weighed, and processed for analysis of lymphocyte subpopulations on d 7 and 21 by flow cytometry. Relative pup thymus and spleen masses as a percentage of body mass were determined on d 2, 7, 14, and 21. All procedures were approved by the McGill Animal Care Committee according to guidelines of the Canadian Council on Animal Care (27) .
Parasitological indicators. H. bakeri egg production was calculated as number of eggs per gram feces (EPG) using a modified McMaster technique (28) on 3-h fecal collections from dams on d 5 and 18 PP. At necropsy, the small intestine was excised. The duodenum (10 cm immediately distal to the pyloric sphincter) was divided into 3 equallength sections (proximal, mid, and distal) and the remaining small intestine was equally divided into the jejunum and ileum. Each section was slit open onto a glass plate and scanned using a dissection microscope to count the numbers of adult H. bakeri in the lumen and 4th-stage larvae (L 4 ) in the serosal musculature.
Hormone, cytokine, and chemokine concentrations in serum and milk. Hormone, cytokine, and chemokine concentrations were measured using the multiplex bead array immunoassay with the Luminex 200 xMAP analyzer. Data previously obtained (25) Flow cytometry analysis. Thymic and splenic single-cell suspensions were obtained by mashing pup organs through 70-mm pore size nylon cell strainers (BD Biosciences). RBC were lysed in ACK buffer (0.15 mol/ L NH 4 Cl, 1 mmol/L KHCO 3 , and 0.1 mmol/L NaEDTA, pH 7.2; 1 mL/ tube, 2 min at room temperature). Live cell numbers were determined after staining dead cells using 0.4% Trypan blue (Invitrogen) and counting using a Neubauer hemocytometer. Then 10 6 cells/sample were washed in FACS buffer [13 PBS, 0.1% BSA], incubated with 10 mL of FcR Block (clone 2.4G2 BD Pharmingen) for 15 min on ice, and stained using the following monoclonal antibodies (mAbs): fluorescein isothiocyanateconjugated anti-CD3e, phycoerythrin (PE)-conjugated anti-CD4 (L3T4), PECy7-conjugated anti-CD8a (Ly-2), allophycocyanin (APC)-conjugated anti-CD25a (IL-2Ra, p55), APC-AlexaFluor 750-conjugated anti-CD44 (Pgp-1, Ly-24), and PE-Cy5.5-conjugated anti-CD45R (B220) antibodies, all from eBioscience. Isotype controls included Armenian Hamster IgG-fluorescein isothiocyanate, Rat IgG2b-PE, Rat IgG2a-PECy7, Rat IgG1-APC, Rat IgG2b-APC-Alexa Fluor 750, and Rat IgG2a-PE-Cy5.5. Cells were washed, fixed in 3% paraformaldehyde, and analyzed by flow cytometry (BD FACSAria I) based on a minimum of 100,000 events. Flow cytometry data were analyzed using the FlowJo software version 7.5. Analysis of lymphocyte subpopulations from pup lymph nodes was not possible due to insufficient cell numbers, even after pooling the tissues.
Statistical analysis. A 2-way ANOVA was employed for analyses with main effects of diet (PS vs. PD) and infection (sham vs. infected), with BonferroniÕs post hoc comparisons where there was significant interaction for the main effects. A 1-way ANOVA was used to compare parasite outcomes between diets whereas a 2-way ANOVA (with main effects of
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by guest on October 21, 2017 jn.nutrition.org diet and location) was used for analyses of parasite distribution among the different regions of the small intestine. The effect of time on cell counts, cell proportions, and organ mass was analyzed using repeated-measures 2-way ANOVA with time as part of the interaction term. Data were checked for normality and homogeneity of variance and log transformed when necessary, as indicated. Only nontransformed means are reported. Analyses included adjustment for litter size where appropriate. Associations among cytokine, chemokine, and hormone concentrations and relative lymphoid organ mass and cell counts were tested using Spearman correlation analyses.
Unless otherwise indicated, values are presented as LSmeans 6 SEM. Most analyses were performed using Proc Mixed model in SAS (v. 9.1; SAS Institute) and P values < 0.05 were considered significant.
Results
PD impaired maternal Th2 immunity and promoted parasite survival. PD lowered the relative mass of thymus (22%; P = 0.003) (Fig. 1A) and spleen (43%; P < 0.0001) (Fig. 1B) in infected dams. There was an interaction between diet and infection for spleen mass (P = 0.004), which was increased by infection but more so in PS (72%) than in PD (48%) dams (Fig.  1B) . Our hypothesis that immunosuppression in PD dams would result in enhanced worm development and delayed expulsion compared with PS dams on d 20 PP was supported by the 48% fewer recovered L 4 (P = 0.0001) ( Fig. 2A) , indicating faster L 4 maturation in PD dams; by the more anteriorad location of adult worms along the small intestine (diet 3 location, P < 0.0001) (Fig. 2B) ; by the higher EPG in PD dams both on d 5 PP (1.2-fold; P < 0.0001) (Fig. 2C ) and d 18 PP (98%; P < 0.0001) (Fig.  2D) . Maternal trickle infection induced a pronounced Th2 cytokine response as evidenced by higher IL-4 (2.1-fold), IL-5 (6.7-fold), IL-13 (1.4-fold), and eotaxin (1.5-fold) compared with sham dams on d 20 PP ( Table 1) . As expected, eotaxin was positively correlated with maternal serum IL-5 (r = 0.45; n = 48; P = 0.001). The significant interaction for maternal IL-2 is explained by the elevated IL-2 only in PD infected dams. In contrast, PD reduced IL-4 (23%) and IL-13 (33%) in maternal serum (Table 1) .
Cytokines from pup milk and serum influenced by PD and infection. Using milk collected from pup stomachs at peak lactation (d 14), we detected IL-4, eotaxin, and VEGF. The concentration of VEGF was lower (64%) in pups from PD compared with PS dams (Table 1) .
From pup serum on d 21, we detected the proinflammatory cytokines eotaxin and VEGF as well as the Th2 cytokines IL-4, IL-5, and IL-13, but the only observed difference in cytokines in pup serum was for eotaxin, which was higher in pups from PD dams (57%) and infected dams (37%) ( Table 1) .
Pup thymus relative mass and total numbers of cells, but not lymphocyte subpopulations, reduced in response to maternal PD. Maternal PD reduced the relative thymus mass in pups, but on d 14 only (18%; P = 0.001) (Fig. 3A) . The relative thymus mass on d 2 was negatively correlated with corticosterone in milk (r = 20.42; n = 48; P = 0.003). Also, maternal PD, but not infection, reduced the total number of cells in the pup thymus on both d 7 and 21 ( Fig. 3B) . Consistent with the ontogeny of immune cell populations, there were higher proportions for CD4+CD8-single positive (SP) T cells (48%, P = 0.023) and CD4-CD8+ (SP) T cells (1.3-fold, P = 0.003), but lower proportions for CD44+CD25+ (87%; P = 0.0002), CD44-CD252 (91%; P = 0.001), and the CD4+:CD8+ ratio (79%; P < 0.0001) in the pup thymus on d 21 compared with d 7 ( Table 2) . Interestingly, neither maternal PD nor infection altered the proportion of the various cell subpopulations or the CD4+:CD8+ ratio in the pup thymus on d 7 or 21 (data not shown).
Pup spleen relative mass and total cell number were reduced and T cell populations were elevated in response to maternal PD. PD reduced the relative spleen mass on d 7, 14, and 21 (Fig. 3C) , whereas maternal infection increased the relative spleen mass of pups only from PS dams and only on d 21 (28%; P = 0.011) (Fig. 3C ). There was an interaction between maternal diet and infection on d 7 when the total number of spleen cells was lower in pups of infected PD compared with uninfected PD dams (73%; P < 0.0001) (Fig. 3D) . The total number of spleen cells was higher on d 21 compared with d 7 in pups from PS dams (5.2-fold; P = 0.005) but not PD dams (Fig. 3D) , resulting in lower spleen cell numbers in pups of PD dams on d 21 (Fig. 3D) .
Ontogeny was examined by comparing developmental differences in cell populations in the pup spleen between d 7 and 21. Compared with d 7, there were higher proportions for CD3+ (96%; P < 0.0001), CD4+CD8-(SP) (75%; P < 0.0001), and CD4-CD8+ (SP) (1.2-fold; P < 0.0001) T cells and B cells (46%; P < 0.0001) and a higher T:B cell ratio (24%; P = 0.01) but lower CD4:CD8 ratio (23%; P = 0.0007) on d 21 ( Table 3) . Comparisons across time within diet groups (Table 3) revealed that the proportion of CD3+ T cells and of B220+ (B cells) were higher on d 21 compared with d 7 in pups from PS sham (97%, P = 0.011; 51%, P = 0.001, respectively), PD sham (1.3-fold, P < 0.0001; 76%, P < 0.0001, respectively), and PD infected dams (1.1-fold, P < 0.0001; 46%, P = 0.006, respectively) ( Table 3) but not in pups from PS infected mice, suggesting that infection impaired cell development. The proportion of CD4+CD8-(SP) T cells was higher on d 21 compared with d 7 in pups from PD sham (1.4-fold; P < 0.0001) and PD infected dams (91%; P < 0.0001) ( Table 3) . Finally, there was a positive correlation between the ratio We also explored the effect of maternal PD on ontogeny. Maternal PD modified the percentage of lymphocytes in pup spleens (Table 3) . On d 7, spleens of pups from PD dams had a higher percentage of CD3+CD4+CD8+ double positive (DP) T cells (60%) and higher CD4-CD8+ [single positive (SP)] T cells (42%) ( Table 3 ). There was a significant interaction between maternal diet and infection for the T:B cell ratio in spleen cells in pups where PD increased the T:B cell ratio and maternal infection reduced the T:B cell ratio, but only in PD mice (Table 3) . On d 21, spleens of pups from PD dams had a higher percentage of CD3+ (total T cells) (61%), CD4+ (73%), and CD8+ T cells (56%) and a higher T:B cell ratio (62%) compared with those from PS dams ( Table 3 ). The percent of spleen B cells was positively correlated with pup serum IL-4 on d 21 (r = 0.41; n = 48; P = 0.004).
Discussion
Previous research on neonatal immune development has focused on parasite establishment or antibody responses in offspring of dams exposed either to parasite antigen or direct infection 2 Concentrations of IL-1b, IL-6, leptin, and corticosterone in maternal serum, IL-1b, IL-6, leptin, IGF-1, and corticosterone in pup serum and IL-1b, IL-6, leptin, and corticosterone in milk were reported previously (25) . 3 Data were log transformed [log 10 (y + 10)] to achieve normality.
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by guest on October 21, 2017 jn.nutrition.org Downloaded from (19, 20, 22) or to Ig transfer in milk (30) . The limited previous work that has examined the impact of maternal dietary PD reported a decrease in pup lymphoid tissue growth and a reduction in cell numbers resulting from corticosteroid-induced lympholysis (17) . We previously showed that the presence of a GI nematode infection in pregnant dams impaired fetal growth (29) and PD in the presence of a GI nematode infection in pregnant dams impaired neonatal linear growth (25) by increasing maternal corticosterone and proinflammatory cytokines. Here, we explored whether PD during a nematode infection would impact the developing neonatal immune system. Our results showed that PD during late pregnancy and lactation impaired not only the maternal immune response to H. bakeri infection but also neonatal immune development. We observed that maternal PD reduced offspringsÕ spleen and thymus mass and total cell populations; in contrast, the proportions of several splenic T cell populations were increased in pups from uninfected and infected dams fed PD diets. These developmental changes were not associated with elevations in cytokines but were correlated as previously reported (25) with corticosterone, leptin, and the proinflammatory cytokine IL-6 in motherÕs milk. These in turn had been associated with lower leptin and IGF-1 in pup serum that impaired neonatal immune development (25) . Protective immunity against GI nematodes, including the common murine nematode H. bakeri, is characterized by splenomegaly (10) and mediated by the Th2 cytokines IL-4 and IL-13 as well as IL-3, -5, -9, and -10 (31,32). In our study, both PS and PD infected dams had the typical splenomegaly and elevation in Th2 cytokines (IL-4 and IL-5) as well as eotaxin. Eotaxin induces chemotaxis in eosinophils (33) , which play an important role in resistance against H. bakeri (34). Our correlation between maternal eotaxin and IL-5 was consistent with the role of IL-5 in the upregulation of MHC class II molecules on eosinophils (35) . However, we did not observe a difference between PS and PD infected dams in concentrations of IL-5 or IL-10 in maternal serum. Consistent with our previous report that splenic and mesenteric lymph node production of IL-4 was reduced in nonpregnant, infected, PD compared with PS dams (10), splenic IL-4 was lower in PD dams as was IL-13. IL-13 is important not only in the activation of the signal transducer and activator of transcription 6 (STAT6) pathway that is critical for the Th2 immune response (36) but also in the inflammationinduced hypercontractility of murine smooth muscle cells that facilitates worm expulsion (32, 36) . Not only was a higher number of adult worms recovered from PD dams (25) , consistent with the higher EPG, but also fewer L 4 were found in the PD dams, indicating a more rapid maturation of each trickle dose in the PD than in the PS dams. In addition, the more anteriorad location of adult H. bakeri in PD dams suggested that fewer worms had been displaced from their preferred location in the proximal duodenum (37) , indicating an inhibition in the expulsion process during PD. That PD lowered maternal serum IL-13, which may have been a result of the immunosuppressive effects of the elevated corticosterone (38) , is a strong possibility. The impact of PD in H. bakeri-infected dams was not confined to the maternal immune system but was also evident in pups that were not subjected to direct diet or infection treatments. In pups, the relative thymus and spleen mass and number of thymic and splenic lymphocytes were reduced by PD, but the splenic T cell population was higher. We had hypothesized that impaired neonatal immune development would be mediated both in utero and postnatally as a result of increases in glucocorticoids (GC) (39) and proinflammatory cytokines, including IL-6 and leptin (40) , that are elevated during PD (41) and chronic GI nematode infections (42, 43) . Increased GC reportedly induce thymic atrophy (44) , programmed cell death of immature thymocytes during intra-thymic T cell selection (45) , and apoptosis of thymic T cells (46) and B cells (47) . Also, IL-6 induces thymic atrophy at higher GC concentrations (48) . Leptin, which also plays a role in immune development, can prevent starvation-induced thymic atrophy in mice (49) through increased thymopoiesis (50) or inhibition of apoptosis (51) . Lower leptin has been linked to thymocyte depletion (52) . Interestingly, chronic oral administration of leptin to dams has been shown to downregulate endogenous leptin production in neonates (53) , which could be linked to impaired neonatal immune development. In addition, leptin stimulates the release of growth hormone (54) , which in turn induces synthesis of IGF-1 (55) . Therefore, we suggest that the reduction in relative thymus and spleen masses of pups and the changes in total number of splenic cells attributable to maternal PD and H. bakeri infection may be related to lower serum leptin and IGF-1 in these pups induced by elevated transfer of corticosterone and the proinflammatory cytokine IL-6 through milk, which has been described (25) . Both corticosterone and IL-6, which were higher in the milk recovered from pup stomachs (25) , reportedly inhibit the growth hormone/ IGF-1 axis (56, 57) , which can lower the mass of lymphoid organs.
Interestingly, maternal PD increased CD3+CD4+CD8+ T cells on d 7 in the spleen in pups. Although CD3+CD4+CD8+ DP T lymphocytes are unconventional and rarely described, they have been reported in peripheral blood in humans, monkeys, rodents, swine, and chicken [reviewed in (58) ]. Specifically, murine peripheral DP cells have been described as a subset of intraepithelial lymphocytes (59) . Higher splenic DP T cells in pups of PD dams may be associated with increased inflammation in the pup attributable to maternal PD. PD is known to elevate systemic inflammation (60) , and the higher eotaxin in serum of pups from PD infected dams on d 21 was consistent with this phenomenon.
Maternal PD also increased both CD4+ (SP) and CD8+ (SP) T cells on d 21 in the pup spleen. These results are in accordance with previous research that demonstrated increased spleen T cells and T:B cell ratio in adult BALB/c mice subjected to protein malnutrition (11) . PD has been reported to increase the expression of the costimulatory signal CD28 on T helper cells in the spleen (11) , important for the activation of naive T cells and for the prevention of anergy (61) . Given the existing evidence for in utero sensitization to ascariasis (18) , it is possible that PD-induced elevation in pup splenic T cells may reflect enhanced transplacental transfer of H. bakeri antigens. However, we note that IL-4, IL-5 and IL-13 were not higher in serum of pups from infected dams. Alternatively, the increase in T cells may be associated with elevated transfer of corticosterone via milk in response to PD during maternal infection (25) . Although the effects of corticosterone on immune development are generally inhibitory (46) , elevated corticosterone transferred via milk to pups of PD infected dams may paradoxically be involved in rescuing immature thymocytes from programmed cell death during intrathymic T cell selection (45) . Consequently, the elevation of total splenic T cells and CD4+ and CD8+ T cells in maternal PD may be associated with enhanced developmental transition and eventual export to the spleen. However, if this ''corticosterone-associated rescue'' was to hold, we would have expected to see some effect on differentiating T cells in the thymus (4) . On the other hand, the positive correlation between pup serum IL-4 and proportion of splenic B cells on d 21 was likely associated with the role of IL-4 as B cell growth factor (62) . These phenomena require further research. The CD4+:CD8+ ratio is an important indicator of immune status. However, it was not surprising that this ratio in the thymus and spleen of pups was unaffected by either maternal diet or infection, because studies in mice (63) and humans (64) showed that a low CD4+:CD8+ ratio in protein energy malnutrition is confined to the blood and is irrelevant to the thymus or spleen (65) . Additional evidence also points to the stability of the CD4+:CD8+ ratio in the spleen in diverse weanling murine models of wasting protein energy malnutrition known to produce profound immunoincompetence (66) . It is noteworthy that the ratio of CD4+:CD8+ T cells in the thymus and periphery do not always correlate (67) . For instance, depletion of peripheral CD4+ T cells does not lead to increased production of CD4+ cells by the thymus (68) , and other factors such as genes that act exclusively on mature T cells may also affect the ratio of CD4:CD8 T cells in the periphery (67) . The fact that the thymus CD4+:CD8+ ratio was correlated with the spleen CD4+:CD8+ ratio on d 7 but not on d 21 is consistent with other findings and supports the suggestion that CD4+:CD8+ in the thymus independently segregates from this same phenotype in peripheral organs such as the spleen (67), at least as animals age. Therefore, we suggest that the ratios of CD4+:CD8+ in the thymus, where most ab T cells are generated, may predict ratios in the periphery during the early (d 7) but not late neonatal period (d 21).
In summary, maternal PD impaired immune function during trickle H. bakeri infection, impaired neonatal development of lymphoid organs, and modified lymphocyte proportions. Reduced lymphoid tissue mass was probably driven by elevated transfer of maternal corticosterone and IL-6 in milk and a lower leptin concentration in pup serum, which may have downregulated IGF-1 and blunted lymphoid tissue growth. Our findings on the effects of maternal PD and infection on immune development are important considering that the significant maturation of immune organ systems that occurs in most species in late gestation (1) may be prone to programming stimuli. The H. bakeri-pregnancy-lactation model may provide a useful animal system for studying the impact of PD and GI nematode infection during the neonatal period.
